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ABSTRACT: In this work, we suggest and demonstrate a robust
method to tune the plasma frequencies of wire mediums. The method we
suggest involves the use of two or more wire arrangements in the unit
cell. By incorporating the method we suggested it is possible to tune the
plasma frequencies of wire mediums effectively by use of lower metal
densities. In addition, we study the effective permittivities and perme-
abilities of labyrinth based metamaterials. Our results show that the
effective permeability of the labyrinth based metamaterial medium is
negative above a certain frequency. The results of the effective permit-
tivity calculations for the labyrinth based metamaterial medium reveal
that the labyrinth structure exhibits a strong dielectric response near the
magnetic resonance frequency. Finally, we design labyrinth based left-
handed mediums that have several desired properties such as simulta-
neous ,   1 and ,   0. © 2006 Wiley Periodicals, Inc.
Microwave Opt Technol Lett 48: 2611–2615, 2006; Published online in
Wiley InterScience (www.interscience.wiley.com). DOI 10.1002/mop.
21988
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1. INTRODUCTION
Metamaterials recently attracted great interest from the scientific
community [1–8]. One of the major reasons behind this enormous
interest is the possibility of engineering materials with desired
properties in their response to electromagnetic waves. The re-
sponse of a material to electromagnetic waves is described with its
permeability and permittivity [9]. The spectrum of the values of
permittivities of naturally occurring materials includes negative
and positive values. On the other hand, the permeabilities of
naturally occurring materials are known to be positive. The lack of
materials with negative permeabilities restricts one’s freedom in
designing materials with the desired properties. This issue was
addressed by Pendry et al. [2]. Pendry suggested several structures
that posses negative permeabilities over a certain frequency range
[2]. Soon after, these structures were experimentally realized to
exhibit negative permeabilities [3–8]. The major idea behind all of
these structures is to create a magnetic dipole that has some
“inertia” by means of an RLC circuit. The “inertia” is introduced
through the capacitance. The resemblance between the harmonic
oscillator equation and the current-voltage equation for an RLC
circuit is rather remarkable in this sense. The capacitance term in
the RLC current-voltage equation is the equivalent of the mass
term in the harmonic oscillator equation. Due to the finite “inertia”,
the magnetic dipole oscillates completely out of phase within a
certain frequency range with respect to the incident magnetic field.
A regular collection of such magnetic dipoles lead to the realiza-
tion of negative effective permeabilities. Materials that possess
negative permeabilities open the door for diverse possibilities of
physically interesting phenomenon and novel applications such as
negative refraction [3–7], subwavelength focusing of light [10–
12], reverse Doppler shift [13, 14], and lenses with resolutions well
beyond the conventional lenses [15].
One most commonly used structure to achieve negative perme-
ability is the split-ring resonator (SRR) [16–22]. SRR structure has
several undesired properties. Two of these undesired properties are
electric coupling and bianisotropy [22–24]. Recently, we proposed
a modified split-ring resonator structure, labyrinth structure, to
overcome these two problems associated with the SRR structure
[25]. We experimentally and theoretically showed that the laby-
rinth structure posses negative permeability over a certain fre-
quency range. We also showed that the labyrinth structure is not
bianisotropic. In addition, we demonstrated that when combined
with a periodic arrangement of wires, the labyrinth medium ex-
hibits left-handed transmission. We were able to demonstrate the
subwavelength focusing of light by use of a labyrinth based
left-handed medium [11].
In this study, we theoretically studied the effective medium
parameters of a labyrinth based left-handed medium by means of
a retrieval procedure [26–32]. We showed that one can tune the
properties of the labyrinth based left-handed medium by using
various arrangements of wires in the unit cell. In addition, we
proposed and theoretically demonstrated two labyrinth based left-
handed mediums that posses simultaneous ,   1 and ,  
0. It was suggested that a slab of material that has ,   1 may
focus the light beyond the diffraction limit [15]. On the other hand,
a medium with ,   0 may be used to realize certain potential
applications such as delay lines with no phase differences between
their inputs and outputs, and beam shaping [33].
2. TUNING THE PLASMA FREQUENCY OF THE WIRE
MEDIUM BY USING DIFFERENT ARRANGEMENTS OF
WIRES IN THE UNIT CELL
The labyrinth structure consists of four rings. There are two cuts on
each ring and the rings are rotated 90° with respect to the adjacent
ring. The details of the structure can be found elsewhere [25]. The
labyrinth structures are on the front side of FR-4 printed circuit boards
and the wires are on the back side. We considered the various
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arrangements of wires in this study. These arrangements included one
wire, two wires, and three wires in the unit cell. It is well-known that
a periodic arrangement of wires has negative permittivity below a
certain frequency, namely plasma frequency. We calculated the
plasma frequencies of one wire, two wires, and three wires arrange-
ments as a function of the width of the wires. We used CST micro-
wave studio in our calculations. CST microwave studio employs the
finite integration method in time domain calculations (User Manual
Version 5.0, CST GmbH, 2005). The results for one, two, and three
wires are plotted in Figures 1(a)–1(c), respectively. The plasma fre-
quencies for one wire arrangements nicely fit the well-known relation
p
2  2c0
2/d2 lnd/a, where d is the period and a is the width of the
wires. At this point, one wonders how the plasma frequency changes
with one, two, and three wire arrangements if one uses the same
amount of wire. The plasma frequency of one wire arrangement is 7.3
GHz when the wire width is 0.6 mm. On the other hand, if one
achieves a total wire width of 0.6 mm by two (2  0.3 mm) and three
(3  0.2 mm) wire arrangements the plasma frequencies turn out to
be 7.9 and 11.12 GHz, respectively. These results suggest a robust
method of tuning the plasma frequencies i.e., using two or more wire
arrangements in the unit cell. Hence, by two or more wires arrange-
ments one can achieve higher plasma frequencies compared to a one
wire arrangement with less metal density. The use of less metal
density may result in less ohmic losses. To understand the physical
reason behind these results we need to consider the dependence of
plasma frequency on the effective electron density and effective mass
of the electrons [1]. Plasma frequency is directly proportional to the
square root of the effective electron density and inversely proportional
to the square root of the effective electron mass. By increasing the
wire width in the one wire arrangement, an increase in the effective
electron density and the effective mass of the electron occurs. How-
ever, using two or more wire arrangements to achieve the same wire
width as of one wire arrangement only increases the effective electron
density. As a result, one achieves higher plasma frequencies with two
or more wire arrangements.
3. PROPERTIES OF THE LABYRINTH STRUCTURE WITH
RESPECT TO DIFFERENT ORIENTATIONS
We would like to discuss the dependence of the properties of the
labyrinth structure on the orientation before we present our results.
Two particular orientations are of considerable interest. The prop-
erties of the labyrinth structure with respect to these two orienta-
tions is important, if one creates three dimensional left-handed
mediums by use of labyrinth structures. These two orientations are
depicted in Figures 2(a) and 2(b). We will refer to these orienta-
tions as orientation 1 [Fig. 2(a)] and orientation 2 [Fig. 2(b)]. The
calculated transmission spectrums of a single labyrinth structure
(without the wires on the back of the PCB board) with respect to
the orientations 1 and 2 are plotted in Figure 3(a). The resonance
frequencies of labyrinth structures can be observed as dips in the
transmission spectrum. The resonance frequencies of the single
labyrinth structure with respect to the orientations 1 and 2 are 6.28
and 6.32 GHz, respectively. The difference between the resonance
frequencies with respect to the orientations 1 and 2 is 0.04 GHz,
which is a change of 0.7% with respect to the resonance frequency.
We also calculated the transmission spectrums of two-ring laby-
rinth structures with respect to orientations 1 and 2. The results are
shown in Figure 3(b). For the two-ring labyrinth structure, the
difference in the resonance frequency with respect to the two
different orientations is 0.07 GHz, which is a change of 1.1% with
respect to the resonance frequency. These results show that the
resonance frequencies of four-ring labyrinth structure with respect
to the orientations 1 and 2 are quite similar. In addition, we also
conclude that the use of more rings reduces the difference in the
response of the labyrinth structure with respect to the two different
orientations. Next, we calculated the transmission spectrums of
labyrinth based left-handed metamaterial (LHM) medium with
respect to the orientations 1 and 2. The labyrinth based LHM
structures includes a single wire with a width of 2.5 mm in the unit
cell printed. The wire was located on the back of the PCB board.
There were 5 layers along the propagation direction in our calcu-
lations. We plotted the results in Figure 4. The transmission
spectrums of the labyrinth based LHM structure with respect to
both orientations are in good agreement. We believe that the small
Figure 2 (a) Orientation 1; (b) Orientation 2
Figure 1 Plasma frequencies of one wire (a), plasma frequencies two wires
(b), and plasma frequencies three wires (c) as a function of the wire width
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difference in the transmission spectrums will be reduced in real
experimental situations due to the fabrication imperfections.
4. EFFECTIVE PERMITTIVITY AND PERMEABILITY OF THE
LABYRINTH STRUCTURE
We calculated the effective permittivities and permeabilities of
various labyrinth based LHM mediums by use of a retrieval
procedure. The details of the particular procedure used in this
study are outlined in Refs. 31 and 32. This particular method has
the advantage of identifying the correct branch of the effective
permittivities and permeabilities. The ambiguity in the determina-
tion of the correct branch is resolved by use of an analytic con-
tinuation procedure. There was one layer of the labyrinth based
LHM structure along the direction of the propagation in our
calculations. The orientation of the single layer LHM was that of
Figure 2(a). We employed periodic boundary conditions along the
directions other than the propagation direction. Hence, the simu-
lation setup coincides with a slab of LHM that consists of a single
layer. The dielectric constant of the PCB board was taken as 3.85.
The PCB board has a thickness of 1.56 mm. The effective permit-
tivities and permeabilities were derived from the transmission and
reflection coefficients. We would like to comment that the results
of such a calculation are directly related to the electric and mag-
netic polarizabilities of a single feature because such a calculation
does not involve the local field corrections due to other labyrinth
features. The retrieval results for a single labyrinth structure with-
out the wires on the back of the PCB board are plotted in Figures
5(a) and 5(b). First of all, the real part of the effective permeability
attains negative values above a certain frequency. Both the real and
imaginary parts of the permeability fit quite well to the relation
eff  1  f
2/2  0
2  i. We used the following fitting
parameters for both the real and imaginary parts of the effective
permeability: f  0.1806 and   0.0526. It is also interesting to
observe that the imaginary part of the permeability attains quite
high values in the close vicinity of the resonance frequency. This
result indicates that the labyrinth structure shows a quite strong
resonant behavior at the resonance frequency. We also calculated
the real part of the effective permittivity. The results are shown in
Figure 6. Notice that the permittivity is significantly increased just
above the resonance frequency when compared to the effective
permittivity of the host medium. The effective permittivity of the
host medium was around 1.7 for our structure. This value was
calculated by use of the relation eff  fi  1  f e. At 5.55
GHz, the permittivity of the labyrinth structure attains a value,
5.92, that is 3.5 times larger than the effective permittivity of the
host medium. Hence, one should consider the dielectric response
of the labyrinth structure around the resonance frequency when
designing LHM mediums.
Figure 3 (a) Transmission spectrum of four-ring single labyrinth struc-
ture with respect to orientations 1 and 2; (b) Transmission spectrum of
two-ring single labyrinth structure with respect to orientations 1 and 2
Figure 4 Transmission spectrums of 5 layers of labyrinth based LHM
medium with respect to orientations 1 and 2
Figure 5 (a) Real part of the effective permeability for a single layer of
the labyrinth structure; (b) Imaginary part of the effective permeability for
a single layer of the labyrinth structure
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5. DESIGNING MEDIUMS WITH DESIRABLE PROPERTIES
We designed two labyrinth based LHM mediums (Figure 7), which
are of particular interest, by the virtue of the above results. The
first of these two mediums exhibits simultaneous ,   0 at a
certain frequency. We will refer to this particular LHM medium as
LHM 1. LHM 1 includes a single labyrinth and a single wire in the
unit cell. The labyrinth structure is located at the front side and the
wire is located at the back side of the PCB board. The width of the
wire is 0.7 mm. The plasma frequency of wire only medium is 7.65
GHz [Fig. 1(a)]. Effective permeability and permittivity attains a
value of 0 at 5.97 GHz. Moreover, LHM 1 is impedance matched
at 5.97 GHz. The value of impedance at 5.97 GHz is 1. It is
interesting to note that the Maxwell equations reduce to electro-
static and magnetostatic equations for a medium with simultaneous
,   0 [33]. As a result, such a medium does not support
propagating waves. On the other hand, a medium with ,   0 is
impedance matched to free space. We believe that the experimen-
tal realization of LHM 1 will lead to the exploration of several
novel phenomena and applications such as the complete shielding
of phase information, and beaming applications. The second LHM
medium that we designed exhibits simultaneous ,   1 at a
certain frequency. We will refer to this second medium as LHM 2.
There is a single labyrinth structure and two wires in the unit cell
of the LHM 2. The labyrinth structure is located on the front and
both wires are located on the back side of the PCB board. Both
wires have a width of 0.3 mm. Total width of the wires is 0.6 mm.
The plasma frequency of wires only medium is 9.66 GHz in this
case [Fig. 1(b)]. The values of both the effective permittivity and
permeability assume a value of 1 at 5.82 GHz. In addition, the
value of impedance at 5.82 GHz is 1. We believe that LHM 2 is
quite important for the realization of sub-wavelength imaging.
6. CONCLUSIONS
In summary, we proposed and demonstrated a robust method for
tuning the plasma frequency of a wire medium. We studied the
properties of the labyrinth structure with respect to different orienta-
tions. Our results showed that the response of the labyrinth structure
to various orientations is quite similar. We analyzed the effective
medium parameters of the labyrinth structure by use of a retrieval
procedure. The results of our calculations showed that the effective
permeability of the labyrinth structure is negative above a certain
frequency. Moreover, our calculations revealed that the labyrinth
structure exhibits a rather strong dielectric response near the reso-
nance frequency. Finally, we designed two particular left-handed
mediums. One of the two mediums exhibits simultaneous ,   1
and the other medium has simultaneous ,   0 at a certain
frequency.
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ABSTRACT: When trying to increase the bandwidth of antennas based
on high-impedance surfaces, the radiation pattern tends to split near the
resonance frequency of the artificial perfect magnetic conductor (PMC).
This problem is solved here by reducing the size of the PMC in the E-
plane and by making it nonperiodic in the H-plane. Using a dual-dipole
as a radiating element, a 30% impedance bandwidth is achieved with
directivity larger than 9 dB over the whole useful band. In view of the
antenna’s horizontal dimensions, this is close to the maximum achiev-
able directivity. The total antenna height is 0.15	, where 	 corresponds
to the wavelength at the highest frequency. A study of the surface cur-
rents on the patches supports the phenomena observed on the radiation
patterns.© 2006 Wiley Periodicals, Inc. Microwave Opt Technol Lett
48: 2615–2619, 2006; Published online in Wiley InterScience (www.
interscience.wiley.com). DOI 10.1002/mop.21987
Key words: wideband antennas; low-profile antennas; artificial mag-
netic conductors; metamaterials
1. INTRODUCTION
One of the most important applications of photonic band-gap
materials in the field of antennas consists of providing perfect
magnetic conducting (PMC) ground planes. PMCs allow horizon-
tal antennas to be placed very close to the ground plane without
being short-circuited by their image. The design parameters of
PMC surfaces is under study in many different groups [1–5].
Given the relatively narrow bandwidth of artificial PMC surfaces,
their application remains a challenge for broadband antennas.
Good results for low profile antennas have recently been obtained
for spiral antennas [6], with a limited bandwidth in terms of axial
ratio. However, in this article we will focus on low profile broad-
band antennas with a very good linear polarization at broadside.
The profile of the antenna is defined from the ground plane
backing the whole structure, and measured as a factor of 	min
(	min/x), where 	min corresponds to the wavelength at the highest
operating frequency.
The radiation performances obtained over the whole useful
band of an antenna placed above a PMC has not been analyzed in
detail before. We have observed that for broadband designs the
patterns at broadside tend to split near and beyond the PMC
resonance. So, the direction of the maximum is no longer at
broadside. This phenomenon is also visible in Best’s work [7],
concerning the study on a bow–tie antenna above a mushroom-like
EBG structure. In this article, special attention will be given to the
regularity of the radiation pattern at broadside, over the whole
useful frequency band. Finally, a design providing more than 9.2
dB of broadside directivity will be obtained with a reflection
coefficient better than 10 dB over a 32.6% relative bandwidth,
with a 	min/6.5 profile.
The work here presented is performed with the FEKO [8]
software, a full-wave simulation tool based on the Method of
Moments. Some validations have been carried out by comparing
intermediate results with a homemade code (also based on the
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